Preimplantation genetic diagnosis is currently used in clinical practice. In experienced hands the biopsy procedure alone does not affect the further in-vitro and in-vivo developmental potential of animal and human embryos. No data exist on the combination of cryopreservation of embryos at the pronuclear and/or 8-cell stage and/or biopsy at the 8-cell stage. Pronuclear stages of mouse F1 hybrids (C57Bl/jϫCBA) were harvested and divided into several experimental groups. The developmental rates of zygotes, which were neither biopsied nor cryopreserved were used as data control. Others were only cryopreserved at the pronuclear stage (C-PN), or at the cleavage stage (C-CS), or both. Each of these groups was also combined with or without a biopsy. Only the hatched blastocyst rate (HBR), but not the 'simple' blastocyst rate, showed significant differences between groups. Neither C-PN (HBR ϭ 60.42%), nor C-CS (63.16%), nor a combination of both (59.46%) had an impact on the hatched blastocyst rate when compared with that of the control group (67.46%). The biopsy procedure (55.93%) also proved not to be harmful for the embryos. The embryos, which were C-PN and C-CS, and subsequently biopsied, showed a significantly lower hatched blastocyst rate (39.62%) than that of the control, C-PN, C-CS, and C-PN/C-CS groups (P Ͻ 0.05). The combination of C-PN and cleavage-stage biopsy also lead to a lower hatched blastocyst rate (42.22%), compared with that of the control group (P Ͻ 0.05). It was concluded that couples must be advised that an effect on embryos which have undergone a combined cryopreservation and micromanipulation procedure cannot be ruled out. However, cryopreservation at the pronuclear or at the 8-cell stage alone, or in combination with a biopsy procedure, does not influence the further development of the embryo.
Introduction
Preimplantation genetic diagnosis (PGD) has become a widespread method of early prenatal diagnosis in selected cases. The biopsy procedure has been shown to have no negative effect on the developmental potential of mouse (Krzyminska et al., 1990) , monkey (Summers et al., 1988) , or human embryos (Hardy et al., 1990) . In some instances, cryopreservation of embryos before or after the biopsy procedure may be mandatory. Those situations may be a threatening ovarian hyperstimulation syndrome, acute diseases of the patient or others. In the special case of PGD, it may be necessary to cryopreserve embryos to make more extensive diagnostic procedures possible. The main difference from cryopreservation which is performed in conventional in-vitro fertilization (IVF) cycles is that the zona pellucida is no longer intact. However, even in intracytoplasmic sperm injection cycles, no difference compared with IVF cycles could be described, if oocytes at the pronuclear stage were cryopreserved (Al Hasani et al., 1996) . Here the lesion is much smaller than that resulting from biopsy techniques.
The first successful cryopreservation of mouse embryos combined with a single-cell biopsy was described by at the 4-cell stage. Other studies also dealt with the problem of the combination of cryopreservation and biopsy (Krzyminska and Neill, 1991; Garrisi et al., 1992; Liu et al., 1993; Thompson et al., 1995) . All these studies examined the developmental potential of biopsied embryos at the 8-cell stage which were subsequently cryopreserved. In Germany, cryopreservation is only allowed at the pronuclear stage. Therefore, we looked for the effect on embryos that were cryopreserved and subsequently thawed at the pronuclear stage, and biopsied at the 8-cell stage. Some of these embryos were cryopreserved again after this biopsy procedure.
Materials and methods

Animals
Female mice of B6 CBA strain (F 1 -hybrids: C57Bl/jϫCBA), aged 4-12 weeks, were used to obtain pronuclear stages. The animals were superovulated with pregnant mare's serum gonadotrophin (Sigma G 4877, Deisenhofen, Germany) and received human chorionic gonadotrophin (HCG; Primogonyl ® -500, Schering, Berlin, Germany) 48 h later. Each female mouse was given an i.p. injection of 5 IU (0.1 ml) of the gonadotrophins. Twelve hours after HCG stimulation, the oocytes were fertilized in vivo by male mice (age: 6 weeks-6 months) of the same strain and collected 23 h after HCG from the swollen ampulla of the oviduct, after killing the females by cervical dislocation.
Embryo culture
The cumulus cells were removed with hyaluronidase solution (1 mg hyaluronidase, Sigma H-3506, in 1 ml HEPES-buffered M2 flushing medium) (Hogan et al., 1986) for 30 s and washed five times with M2 flushing medium. Half of the oocytes at the pronuclear stage were cultured in M16 culture medium (Hogan et al., 1986) similar to WhittenЈs medium (Whitten, 1971 ) at 37°C in a humidified atmosphere of 5% CO 2 in air up to the 8-cell stage (B groups). The other half of the oocytes at the pronuclear stage was cryopreserved directly after washing (A groups).
Freezing
Cryopreservation was performed at the pronuclear (all A groups) and 8-cell stage (group A1, A3, B1, B3). Oocytes and embryos were incubated for 10 min in 1.5 M 1,2-propanediol (20-25°C) and 10 min in 1.5 M 1,2-propanediol ϩ 0.1 M sucrose (20-25°C) (Lasalle et al., 1985; Al-Hasani et al., 1987) , dissolved in M2 flushing medium. Oocytes/embryos were then transferred into ministraws with freezing solution (1.5 M 1,2-propanediol ϩ 0.1 M sucrose) and frozen using the 'automatic open freezing system' (Renard and Babinet, 1984; Al-Hasani et al., 1987) .
The 'automatic open freezing system' (Cryotech, Erlangen, Germany) is the most widespread freezing system in Germany. Briefly, cells are stored in ministraws and these are located above a bath of liquid nitrogen. A thermosensor located in an extra ministraw on the same height as the ministraws containing the cells is coupled with a motor. The ministraws are lowered towards the liquid nitrogen through the different temperature phases above the nitrogen bath. The speed depends on the temperature and can be programmed individually. The cooling rates were as follows: from room temperature to 0°C at 1°C/min; from 0°C to -2°C at 0.5°C/min; from -2°C to -4°C at 0.3°C/min; from -4°C to -5°C at 0.2°C/min; from -5°C to -7°C at 0.1°C/min; from -7°C to -33°C at 0.3°C /min; and left at -33°C for 30 min. Oocytes/embryos were then plunged directly into liquid nitrogen (-196°C) and stored there for at least 1 h.
Thawing
Thawing was achieved by transferring the ministraws directly from the liquid nitrogen to a 27°C water bath for 30 s. Propanediol was diluted at room temperature by incubating oocytes/embryos for 5 min each in three different concentrations (1M propanediol; 0.5M propanediol ϩ 0.1M sucrose; 0.2M sucrose). After that, they were washed five times in M2 flushing medium and cultured in M16 culture medium up to the blastocyst stage (hatched blastocyst).
Embryo biopsy
The 8-cell stage embryos were biopsied 48-60 h after HCG stimulation with a Narishige micromanipulator and Nikon inverted microscope. One half of biopsied embryos had been cryopreserved as pronuclei (group A3, A4), thawed and cultured (see above). The other half had been cultured directly (group B3, B4).
Embryos were incubated in Ca 2ϩ Mg 2ϩ -free medium for 10 min to resolve gap-junctions of the blastomeres before biopsy. Then embryos were transferred into a biopsy dish with M16 culture medium and fixed with a holding pipette. The zona pellucida was drilled with acid Tyrode's medium (pH 2.1) (MuggletonHarris and Findley, 1991) by using a perforation pipette (internal diameter: 15µm; shaft angle: 30°). Two blastomeres were aspirated with a biopsy pipette (internal diameter: 25µm; shaft angle: 30°). All pipettes were made of capillary glass (World Precision Instruments Inc. TW 100-4 Sarrasota, Florida, USA) by using a puller (Sutter Instruments Co. P87, California, USA) and blunted with a microforge (Narishige MF 90 and MF9, Tokyo, Japan). Half of the biopsied embryos were cultured immediately after biopsy. The others were cryopreserved, thawed and cultured up to the hatched blastocyst stage in fresh M16 culture medium. 
Experiments
Eight different experimental groups were examined as shown in Table I . All embryos were counted at the pronuclear, 2-cell, 8-cell, blastocyst and hatched blastocyst stage. The survival rates at the 8-cell, blastocyst and hatched blastocyst stage were calculated in relation to the number of 2-cell embryos.
Statistics
Statistical analysis was performed using Fisher's exact test. Statistical significance was defined as P Ͻ 0.05.
Results
Survival rates are shown in Table II and Figure 1 . One can clearly see that the rate of hatched blastocysts declined as more procedures were performed on the embryos. However, this decline was not statistically significant. The survival rate up to the 8-cell stage was not statistically different between the groups. It could be seen that the hatched blastocyst rate was a more sensitive marker for the effects of the different procedures than the blastocyst formation rate alone. The stage at which cryopreservation was performed was not of statistical significance. The biopsy procedure alone did not influence the further developmental rate significantly (B4 versus B2). The hatched blastocyst rate of those embryos that were frozen twice and biopsied (A3) was significantly lower than those which were once cryopreserved and biopsied (A4, B3) (P Ͻ 0.05). The combination of cryopreserved at the pronuclear stage and cleavage stage biopsy (A4) also revealed a lower hatched blastocyst rate than that of the control group (B2) (P Ͻ 0.05).
Discussion
The first successful cryopreservation after biopsy at the 4-cell stage mouse embryo was published by . They described a similar implantation rate of 74-80% and a comparably high rate of fetal formation of about 62-67% using dimethyl sulphoxide and an ultrarapid freezing method. Kryzminska and O'Neill (1991) used a slow-freezing protocol, and propanediol and sucrose as cryoprotectants. The biopsy was performed on the 8-cell stage mouse embryo. In one group, the zona was punctured but no cells were removed, in a second group, a biopsy was performed and, in a third group, the embryos were not touched at all. The survival rate after cryopreservation was somewhat lower in the biopsied group with a high rate of empty zonae (11%). The rate of embryos developing to the blastocyst was significantly lower after biopsy than that in the group with a sham biopsy (zona lesion without removing cells). The authors speculated that the embryos were more sensitive to the cryopreservation procedure after cell removal. The percentage of fully intact and nonviable embryos was significantly higher and lower, respectively, in the biopsy group compared with that in the control groups. However, there was no significant difference when the control group was compared with the sham controls and the biopsy group. The implantation rate of intact transferred blastocysts, the developmental rate to the fetal stage and the mean weight of the fetuses were also the same in all groups and showed no significant differences. Garrisi et al. (1992) studied the impact of zona drilling using acid Tyrode's, biopsy and cryopreservation on oocytes and embryos in the mouse model. They used a slow-freezing, rapid-thawing protocol with propanediol and sucrose as cryoprotectants. Neither the development of the oocytes nor that 3167 of the embryos was disturbed by the drilling or biopsy procedure.
In an extensive study, Liu et al. (1993) showed that no detrimental effect on survival could be expected if no more than two cells were removed before the cryopreservation procedure in the 8-cell stage mouse embryo. Cryoprotectants were propanediol and sucrose. A slow-freezing, rapid-thawing procedure was used. The blastocyst rate after biopsy of two blastomeres and freezing-thawing did not differ (84% versus 87%) compared with that of a control group. The same applied to implantation rates and rates of living young.
In a study by Thompson et al. (1995) , different mechanical procedures for biopsies at the 8-cell stage mouse embryozona-slitting and zona-piercing -were performed. After cryopreservation consecutive to the biopsy, the survival rate was similiar to that of a control group. However, the blastocyst rate and hatching rate were statistically significantly lower in the biopsy groups (61% and 64% versus 78%) than in the control group. An explanation for this phenomenon may be a different biopsy procedure and the mechanical procedures for the zona lesioning.
Cryopreservation after a biopsy showed different results in the literature with respect to the further developmental potential of the mouse embryos. Some investigators found no difference Garrisi et al., 1992; Liu et al., 1993) but others did (Krzyminska and O'Neill, 1991; Thompson et al., 1995) . Our own data showed that there was a clear difference in the developmental potential after cryopreservation twice or at the pronuclear stage alone in addition to the biopsy procedure. The difference from the results of other studies, even if a cryopreservation was performed subsequent to a blastomere biopsy only at the 8-cell stage, may be due to the fact that we evaluated the hatched blastocyst rate and not the blastocyst rate alone. It is known from the literature that this is a better indicator for an undisturbed developmental potential of manipulated embryos (Cui et al., 1993) . In contrast, Liu et al. (1993) looked for the in-vivo developmental potential, which may be an even more sensitive marker than the hatched blastocyst rate. Furthermore, differences in the mouse breed used may be involved. In humans, no ongoing pregnancies have been achieved to date using cryopreserved/thawed embryos after clinically applied PGD. Only one pregnancy resulted from nine frozen/thawed transfers. This ended as an abortion (Harper, 1997) . These numbers are very small. However, they may indicate that the developmental potential of human embryos after multiple manipulation procedures such as biopsies and cryopreservation is impaired, similiar to our own data. Vitale et al. (1997) re-froze mouse embryos up to three times, and did not find any effect on the in-vitro developmental potential, a result which is in accordance with our own data. However, they described a lower cell number in the frozen than in the non-frozen control mice. Even after one freezing procedure, the mean number of cells in a hatching blastocyst declined significantly. Baker et al. (1996) published a case report on a pregnancy that was achieved with embryos cultured after cryopreservation at the pronuclear stage, thawing, and refreezing at the same stage. Snabes et al. (1993) published their data on freezing, thawing, biopsy and refreezing, all at the 8-cell stage. Freezing at the pronuclear stage was not included. The blastulation and in-vivo developmental rates of treated, sham-operated -zona dissected -and frozen-only controls were not statistically different.
We conclude from our own data and data in the literature that a combination of cryopreservation and biopsy is possible. However, the data differ as to whether refreezing and biopsy are harmful to the embryos or not. How these procedures can be combined without any impact on the embryo may depend on the manner of biopsy and cryopreservation. Couples who undergo PGD must be advised that an impact on the in-vitro and in-vivo developmental potential after combination of freezing and biopsy procedures cannot be ruled out.
